Prenylated Rab GTPases regulate intracellular vesicle trafficking in eukaryotic cells by associating with specific membranes and recruiting a multitude of Rab-specific effector proteins. Prenylation, membrane delivery, and recycling of all 60 members of the Rab GTPase family are regulated by two related molecules, Rab escort protein (REP) and GDP dissociation inhibitor (GDI). Biophysical analysis of the interaction of prenylated proteins is complicated by their low solubility in aqueous solutions. Here, we used expressed protein ligation to construct a semisynthetic fluorescent analogue of prenylated Rab7, Rab7-NBD-farnesyl. This molecule is soluble in the absence of detergent but is otherwise similar in its behavior to naturally prenylated Rab7 GTPase. To obtain information on the interaction of natively mono-and diprenylated Rab7 GTPases with REP and GDI molecules, we stabilized the former molecules in solution by using the ␤-subunit of Rab geranylgeranyl transferase, which we demonstrate to function as an unspecific chaperone of prenylated proteins. Using competitive titrations of mixtures of natively prenylated and fluorescent Rab, we demonstrate that monogeranylgeranylated Rab7 binds to the REP protein with a Kd value of Ϸ70 pM. The affinity of doubly prenylated Rab7 is Ϸ20-fold weaker. In contrast, GDI binds both prenylated forms of Rab7 with comparable affinities (Kd ‫؍‬ 1-5 nM) but has extremely low affinity to unprenylated Rab molecules. The obtained data allow us to formulate a thermodynamic model for the interaction of RabGTPases with their regulators and membranes and to explain the need for both REP and GDI in Rab function.
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geranylgeranyl ͉ protein prenylation P osttranslational prenylation of proteins with isoprenoid lipids is one of the most widespread and well recognized posttranslational modification of proteins in eukaryotic cells (1) . In protein prenylation, either a 15-carbon-long farnesyl or a 20-carbon-long geranylgeranyl (GG) chain is donated from a soluble phosphoisoprenoid and enzymatically conjugated with C-terminal cysteine residues. The reaction is carried out by one of three structurally and functionally related protein prenyltransferases: farnesyltransferase (FTase), geranylgeranyltransferase-I (GGTase-I), or Rab GGTase (RabGGTase or GGTase-II) (2) . The latter enzyme stands quite apart from the first two enzymes both functionally and structurally. RabGGTase has very strict substrate preference and acts only on the members of the RabGTPase family, which play a central role in membrane trafficking in all eukaryotic cells (3) . Unlike other prenyltransferases, RabGGTase does not recognize a short Cterminal sequence but requires the integrity of the catalytic core of RabGTPases. Although, like other prenyltransferases, RabGGTase is a heterodimer of ␣-and ␤-subunits, it requires an additional unique factor termed Rab escort protein (REP). REP is a multifunctional protein that recruits a newly synthesized Rab GTPase and presents it to the RabGGTase by binding to its ␣-subunit (4). After the addition of, in most cases, two GG moieties onto C-terminal cysteines of Rab, the catalytic ternary complex dissociates and the prenylated Rab:REP complex travels to the destined membrane organelle. Insertion of GG moieties into lipid bilayers ensures stable association of RabGTPases with membranes (5). Membrane-bound Rabs are activated by nucleotide exchange and mediate processes of vesicular transport, docking, and fusion. Eventually, Rab proteins are converted into the GDP bound form and become available for extraction by GDP dissociation inhibitor (GDI) (6) . Similar to REP, GDI is a tightly packed molecule composed of two domains, the larger of which forms an extended protein:protein interface with the catalytic domain of the GTPase, whereas the smaller one harbors conjugated isoprenoids (7, 8) . GDI is able to extract prenylated Rab proteins from membranes as well as mediate their reinsertion. The process of extraction is believed to be thermodynamically favored and can occur spontaneously, but additional factors were proposed to be involved in its regulation (9, 10) . Remarkably, the structurally and functionally related REP is inefficient in extracting Rab proteins from membranes despite its high affinity for these molecules (11, 12) .
Comparative structural and functional analysis of REP and GDI revealed that the Rab binding site of REP is more extensive than that of GDI and allows it to bind unprenylated RabGTPases with nanomolar affinity. In contrast, GDI binds unprenylated Rab proteins with micromolar or worse affinity, and prenylation of Rabs is strictly required for stable complex formation (12) . Recently, we proposed a model that postulated that the affinity difference in the REP/GDI interaction with prenylated and unprenylated forms of Rab proteins determines and distinguishes their role in the Rab cycle (9) . Although informally consistent, this model was based on very approximate estimates of the prenylated Rab affinities for GDI and REP because technical difficulties associated with handling prenylated proteins. Geranylgeranylated proteins aggregate in aqueous solutions and require the presence of detergents to compensate for the hydrophobicity of the lipid moieties. Classical experiments used low concentrations of detergent to keep prenylated Rab9 in solution and estimate its affinity to GDI by measuring the influence of the GDI concentration on the rate of nucleotide release from the former (13) . This study concluded that prenylated Rab9 has a nanomolar affinity for GDI while also demonstrating that the concentration of the detergent strongly influences Rab:GDI interactions. The affinity of REP for prenyated Rab is still unknown, making it impossible to develop a quantitative and comparative model of REP/GDI-mediated Rab cycling. This shared problem is in the analysis of geranylgeranylated proteins and is exemplified, for instance, by Rho and RhoGDI interactions, for which no reliable affinity estimates are available. In the presented study we have developed a soluble semisynthetic sensor that mimics prenylated Rab GTPase and displays a large fluorescence enhancement upon interaction with REP and GDI. Using this sensor, we were able to determine the absolute affinities of the interaction of GDI and REP with prenylated Rab7 GTPase. The data obtained allow us to construct a thermodynamic model of the cyclical interaction of Rab proteins with intracellular membranes.
Results
Construction of Soluble Semisynthetic Rab7-NBD-Farnesyl. To gain insight into the interaction of prenylated Rab GTPase with its regulatory proteins or membranes, two interconnected technical issues need to be addressed. First, an efficient and if possible time-resolved method for monitoring the interaction of prenylated Rab with REP and GDI needs to be devised. Secondly, a way needs to be found to apply this assay to monitor the interaction of prenylated Rab with REP and GDI in the absence of detergent, which is known to strongly influence the properties of the prenylated proteins (13) .
We recently developed an in vitro Rab prenylation assay that takes advantage of a 20-fold increase in the fluorescence intensity of a GG pyrophosphate (GGPP) analogue, 3,7,11-trimethyl-12-(7-nitro-benzo [1, 2, 5] oxadiazo-4-ylamino)-dodeca-2,6,10-trien-1 pyrophosphate (NBD-FPP) (Scheme 1A), upon its utilization as lipid substrate by RabGGTase (14) . In the case of NBD-FPP, a monoprenylated reaction intermediate could dissociate from RabGGTase and needed to rebind to acquire the second prenyl moiety, in stark contrast to the native reaction (14, 15) . This increased tendency to dissociate is a consequence of reduced hydrophobicity of the fluorescent analogue compared with the native isoprenoid. We conjectured that the NBDfarnesylated Rab molecule would on the one hand have the features of geranylgeranylated Rab proteins and on the other hand be more soluble than natively prenylated protein. To avoid technical difficulties associated with the large-scale enzymatic NBD-farnesylation, we chose an expressed protein ligation approach for construction of NBD-farnesylated Rab (16) (17) (18) . To this end, we synthesized a tripeptide Cys-Ser-Cys(NBD-farnesyl) and ligated it in vitro to sodium 2-mercaptoethanesulfonate (MESNA) thioester-tagged Rab7 lacking three C-terminal amino acids (Scheme 1). The resulting protein remained in solution after removal of detergent and eluted from a size exclusion column at a position corresponding to a molecular mass Ͻ10 kDa whereas unligated protein eluted at the expected position corresponding to 28 kDa (Fig. 1A) , suggesting that the protein does not form multimers and that its migration is retarded on the column probably by hydrophobic interaction with the matrix.
Semisynthetic Rab7-NBD-farnesyl (Rab7-NF) displayed the expected molecular mass [supporting information (SI) Fig. 5B ] and was correctly folded as judged by its ability to form a stoichiometric complex with GDI (SI Fig. 6 ). The formation of the complex gives a first indication that the NBD-farnesyl group contributes to stabilization of the Rab:GDI interaction. To further assess the extent to which the semisynthetic Rab7-NF emulates the monoprenylated Rab protein we subjected it to in vitro prenylation by RabGGTase by using GG pyrophosphate (GGPP) as a substrate. In this case, the isoprenoid should be incorporated onto the C-terminal cysteine that was used as a ligation site (Scheme 1). The in vitro prenylation reaction was analyzed both by reversed phase HPLC (SI Fig. 5A ) and MALDI-TOF (SI Fig. 5B ), confirming that the GG group was conjugated to the previously free C-terminal cysteine. Therefore, the constructed semisynthetic protein closely mimics monoprenylated Rab7. Analysis of the Rab7-NF Interaction with REP and GDI. Because semisynthetic Rab7-NF is both soluble and active, we attempted to use the fluorescence of the conjugated NBD fluorophore to monitor its interaction with REP. As shown in Fig. 1B , addition of REP to a 30 nM solution of Rab7-NF resulted in a 10-fold increase of fluorescence and a blue shift from 545 to 525 nm. Similar behavior was observed upon addition of GDI, albeit with a 5-fold fluorescence increase (data not shown). The large fluorescence change enabled us to perform titration experiments to determine the affinity of the Rab7-NF:REP interaction, which was expected to be in the low nanomolar range and hence had to be assayed at very low concentrations of the reactants (19) . Titration of 10 nM Rab7-NF with increasing concentrations of REP yielded a K d value of 0.28 nM (Fig. 1C) . A similar experiment using GDI yielded a K d value of 21 nM (Fig. 1D) . These data indicate that the Rab7-conjugated NBD-farnesyl group increases the affinity of Rab7:REP complex by a factor of Ϸ5 compared with unprenylated Rab (K d ϭ Ϸ1 nM; ref. 19) , whereas its effect on the Rab7:GDI interaction is much more pronounced. Unprenylated RabGTPases interact with GDI with micromolar affinities implying that the presence of NBDfarnesyl increases the affinity of the complex by Ͼ100 fold (12) .
Construction and Solubilization of Semisynthetic Geranylgeranylated
Rab7. The data described above provides indications of the different effects prenylation has on Rab:REP and Rab:GDI interactions. However, this system is artificial, and thus the data may be only an approximation of the native situation. Thus, we sought a way to repeat some of these experiments with natively geranylgeranylated Rab7. GG modified Rab proteins are soluble in the presence of detergents, however their presence significantly affects the interaction between prenylated Rab and GDI (13) . Ideally, a chaperone would be needed that on the one hand would prevent aggregation of prenylated Rab but on the other hand not interfere with its protein:protein interactions. Because the hydrophobic nature of GG moieties is the primary cause for the insolubility of prenylated Rab, we speculated that RabGGTase, whose ␤-subunit contains a GG lipid-binding site, might function as an unspecific isoprenoid chaperone. To prevent interactions of RabGGTase with REP we chose to work with the ␤-subunit only (4).
In the light of this idea, semisynthetic monogeranylgeranylated Rab7 (Rab7-G) was prepared as described in Materials and Methods and was renatured in the presence of an equimolar amount of recombinant ␤-subunit of RabGGTase (␤GGT). The mixture was subjected to size exclusion chromatography, which demonstrated that both proteins coeluted at a position corresponding to a molecular mass of Ϸ45 kDa ( Fig. 2A) . The native folding and functionality of stabilized monoprenylated Rab7 was assessed by in vitro prenylation and analyzed by SDS/PAGE in which the incorporation of NBD-farnesyl into Rab7-G was quantified (SI Fig. 7) . The ␤GGT stabilized Rab7-G complex could be efficiently prenylated by RabGGTase, confirming that the protein was fully functional and that the presence of ␤GGT did not significantly influence its ability to interact with REP (SI Figs. 7 and 8 ). Prenylated Rab proteins could also be stabilized in solution by using delipidated BSA but required higher molar excess of the former (20).
Quantitative Analysis of the Interaction of Monogeranylgeranylated
Rab7 with REP and GDI. The availability of solubilized Rab7-G allowed us to devise an approach for monitoring its interaction with REP and GDI. Because Rab7-G by itself cannot be used as a reporter of the interaction, we decided to use the fluorescent Rab7-NF as a reporter. To this end, 10 nM Rab7-NF was mixed with 10 nM Rab7-G:␤GGT complex, and the resulting solution was titrated with increasing concentrations of REP. As shown in Fig. 2C , there was an initial ''lag'' in the fluorescence increase, indicating that Rab7-G bound more strongly to the REP than Rab7-NF, initially resulting in the formation of a fluorescently silent complex. However, at higher REP concentrations, complex formation with Rab7-NF then occurred, leading to an increase in fluorescence intensity. Because the K d value for the Rab7-NF:REP interaction had been determined independently, the data could be fitted numerically by using a competitive binding model leading to a K d value of 61 Ϯ 3 pM for the the Rab7-G:REP interaction. Rab7-NF binds ␤GGT with relatively low affinity (K d ϭ 114 Ϯ 0.1 nM), and assuming a not dramatically higher affinity of Rab7-G, the influence of this interaction on the calculated K d value for Rab7-G:REP interaction can be ignored (SI Figs. 9-13 and SI Tables 2-5 ). We applied the same approach to the analysis of the interaction of GDI with Rab7-G and determined a K d value of 1.5 Ϯ 0.3 nM for this interaction (Fig. 2D) .
Interaction of Doubly Geranylgeranylated Rab7 with REP and GDI.
Natively monoprenylated Rab proteins comprise only a subgroup of mammalian RabGTPases and are absent in yeast. We therefore wished to explore the possible differences in the interaction of REP and GDI with the doubly and singly prenylated forms of Rab7. We previously reported synthesis of a semisynthetic doubly prenylated fluorescent variant, Rab7-A202C-E203K(dans)SC(GG)SC(GG), which we termed Rab7d- GG. The molecule displayed near-native properties and was used earlier as a fluorescent sensor to analyze the interaction of the prenylated Rab7:REP complex with RabGGTase (17) .
Although obviously more hydrophobic, this molecule could be stabilized in solution in the absence of detergent with ␤GGT or delipidated BSA. Both approaches yielded native, correctly folded Rab7GTPase that could form a binary complex with REP as confirmed by gel filtration analysis (SI Fig. 14) . To measure the affinities for these interactions, we used the above-described competitive titration with Rab7-NF in which a mixture of equimolar amount of Rab7-NF and Rab7d-GG:BSA was titrated with REP and GDI by using only the NBD fluorescence as a signal ( Fig. 2 E and F) . Remarkably, in this case the initial lag in fluorescence increase was not observed, already suggesting that diprenylated Rab7 binds to its regulators more weakly than its monoprenylated form. To confirm these data by using an independent signal, we took advantage of the dansyl group at position 203 that provides a sensitive fluorescence change upon interaction of Rab7d-GG with REP or GDI (SI Fig. 15 A and B) and that was used as a reporter in the titrations. Competitive titration of an equimolar mixture of Rab7d-GG and Rab7-G with REP by using the fluorescence of dansyl group, which again displayed a lag in the fluorescence change (decrease in this case) arising from preferential binding to the nonfluorescent monoprenylated form (SI Fig. 15 E and F) . Numerical fit of the data from the competitive titrations of the Rab7-NF/Rab7d-GG and the Rab7d-GG/Rab7-G mixture with REP and GDI gave Table 1 ).
Discussion
In the presented work, we have used a combination of organic synthesis and expressed protein ligation to synthesize a fluorescent isoprenylated GTPase, Rab7-NF, that mimics monogeranylgeranylated Rab7. The protein was soluble and monomeric, in stark contrast to the behavior of geranylgeranylated proteins. Although the reduction in the length of the isoprenoid chain is known to decrease the hydrophobicity of the prenylated protein (21-23), it was previously not known to what extent these modifications affect isoprenoid mediated protein:protein interactions. The resulting protein displays features of a prenylated GTPase, such as the ability to form a stable high-affinity complex with GDI, which strictly requires Rab prenylation. This finding indicates that the semisynthetic GTPase closely mimics the natively prenylated Rab protein. Most importantly, Rab7-NF binding to REP or GDI results in a large fluorescence change, providing a highly sensitive readout for monitoring Rab-REP/ GDI complex formation in real time. The dramatic enhancement in fluorescence is presumably a consequence of the Rabconjugated NBD-farnesyl group binding in the hydrophobic lipid binding site on REP and GDI (11, 12, 14) . Using this signal, we were able to obtain the affinities for REP/GDI interaction with prenylated proteins and show that the modification increased the affinity of Rab7 for REP by just by a factor of 4, whereas the affinity for GDI was increased by at least 1,000-fold.
To provide an independent confirmation to this conclusion, we performed the interaction analysis on natively prenylated Rab7 stabilized in solution by the recombinant ␤-subunit of RabGGTase. We find that the ␤-subunit binds proteinconjugated isoprenoids unspecifically with submicromolar affinity, which is not surprising considering the fact that prenyltransferases typically remain in complex with their products and that these are eventually released by the binding of new lipid substrate molecules (24, 25) . We believe that the presented method will be applicable to all prenylated polypeptides and should enable quantitative analysis of their interactions with proteins and membranes.
Analysis of the interactions of prenylated Rab7 with REP and GDI revealed that they display comparable affinities to the diprenylated form of this GTPase. In contrast, its monoprenylated form bound 3 times more tightly than the diprenylated form to GDI and nearly 20 times more tightly to REP. The latter observation finds support in earlier findings that, unlike the diprenylated protein, the monoprenylated Rab1 is not easily dissociated from REP by detergent and phospholipid, an observation that was interpreted to reflect a higher affinity of the monoprenylated Rab form for REP compared with diprenylated Rab (26) . The small difference in the affinities of mono-and diprenylated Rab7 for GDI can be rationalized on the basis of the recently solved structures of Ypt1:GDI complexes (7, 12) . In the structure of the monoprenylated Ypt1:GDI complex, the conjugated lipid is inserted into the lipid-binding pocket in a bent conformation, with both ends being solvent exposed, partially occupying the binding sites of both lipids (Fig. 3A) . In the doubly prenylated Ypt1:GDI complex, one isoprenoid is buried at the bottom of the hydrophobic binding site, whereas the second stacks on top of it, forming relatively few contacts with GDI (Fig.  4B) . Because of this situation, the overall contact area of the protein:lipid interface is increased only modestly upon conjugation of the second isoprenoid. The situation with the REP:Rab interaction appears to be more complex. Monoprenylation increases the affinity of the Rab:REP complex to an affinity of 60 pM, which is then reduced to Ϸ1 nM after the attachment of the second lipid. This observation implies that the prenyl groups bind only very weakly to REP in the diprenylated complex. This point was confirmed in the presented experiment ( SI Fig 17) . At the mechanistic level, these observations can be rationalized in the following way: The binding site of REP is narrower than that of GDI, and the lipid is inserted in an extended conformation (Fig. 3C) . The structure of the doubly prenylated REP:Rab complex is not available, but should its lipid-binding site be already fully dilated in the complex with the monoprenyated GTPase, then the second lipid could bind outside of it (12) . This situation may also lead to partial displacement of the isoprenoid moiety from the lipid-binding site, leading to the observed affinity decrease. The ''purpose'' of this mechanism may be the retention of the monoprenylated reaction intermediate in the complex to assure its complete processing. However, this model raises the question about the way natively monoprenylated RabGTPases are processed, because they may form a complex too tight to be dissociated for membrane insertion. Indirect support of this idea comes from the observation that monocysteine Rab5a and Rab27a mutants are retained on the ER membrane and are not delivered to their native locations (27) . The answer probably lies in a large variation of affinities for the interaction of the Rab protein core with REP, with Rab7 being one of the tightest binders (11) . With many Rab:REP interactions displaying K d values of several hundred nanomolars, the overall affinity of monoprenylated complexes can be expected to remain in the nanomolar range. Finally, and probably most importantly, our study provides evidence for the recently proposed model of Rab GTPase membrane delivery and extraction (9) . It was shown that REP appears to be much less efficient than GDI in Rab extraction. This difference in efficiency is in keeping with their biological roles, because REP is probably only involved in delivery of Rabs to membranes, whereas GDI, in addition to having this property, must also be able to extract them. These different properties can be explained by considering the affinities of REP/GDI for unmodified and prenylated forms of Rab, respectively. As shown in Table 1 , whereas REP binds with the same high affinity to both unprenylated and diprenylated Rab, enabling it to present the unprenylated form to RabGGTase, GDI binds to prenylated Rab with at least 1,000-fold higher affinity than to unprenylated Rab. The large increase in affinity of GDI to Rab on docking of the C terminus and the conjugated isoprenoid groups is the driving force for the extraction process. Expressed in another manner, GDI is efficient in extraction of Rabs from membrane because there is a large difference in binding energy between the situations in which only the GTPase domain interacts with GDI and the situation in which the C terminus and conjugated isoprenoid moiety are also docked. Therefore, the difference in binding energies provides the thermodynamic driving force for the extraction from the membrane. In contrast, most of the binding energy in the case of REP comes from the interaction with the GTPase domain, with only very little or no driving force for the extraction provided by the interaction of the isoprenoid conjugated C terminus. As a consequence, REP has very low potential to extract Rab from membranes, but can readily release the prenyl groups for insertion into the membrane. A remaining problem concerns the dissociations of REP from a Rab molecule that has inserted its lipid into a membrane. On the basis of what is known about the kinetics of dissociation of REP from unprenylated Rab, this should occur at a rate of Ϸ0.01 s Ϫ1 , corresponding to a half-life in the range of 1 min (19) . It is possible that this is rapid enough for the physiological role of REP, especially when it is considered that after GDP to GTP exchange, a process which happens on the membrane, the affinity of REP for Rab is reduced by at least a factor of 10 through acceleration of the dissociation rate (19) . However, it is possible and likely that additional proteinaceous factors, including GDI displacement factors (GDF), such as Yip proteins, are involved in this process, providing an additional level of regulation (28, 29) .
Materials and Methods
Synthesis of Prenylated Peptides. The synthesis of H 2 N-Cys(S t Bu)-Cys(GG)-OH and H 2 N-Cys(S t Bu)-Lys(dansyl)-Ser-Cys(GG)-Ser-Cys(GG)-OMe was described in refs. 7, 12, and 17. For the synthesis of H 2 N-Cys(S t Bu)-Ser-Cys(NBD-farnesyl)-OH, fluorescent lipid was first synthesized as described in ref. 30 . The fluorescent lipid was coupled to cysteine followed by introduction of the Fmoc protecting group. The resulting FmocCys(NBD-farnesyl)-OH was coupled to 2-chlorotrityl chloride resin, and the tripeptide was synthesized by Fmoc solid-phase peptide synthesis strategy using N,NЈ-diisopropylcarbodiimide (DIC) and N-hydroxybenzotriazole (HOBt) as coupling reagents. The Fmoc group was removed using 20% piperidine in dimethylformamide (DMF). The tripeptide was released from the resin with 1% TFA and 1% TES in CH 2 Cl 2 to give H 2 NCys(S t Bu)-Ser-Cys(NBD-farnesyl)-OH with a yield of 11%. For details of preparation, see SI Appendix. The mercapto group of the N-terminal cysteine side remained protected until the ligation reaction, during which in situ deprotection occurred due to excess of thiol reagent.
Protein Expression and Purification. The Rab7 coding region truncated by 2-, 3-, or 6-aa residues was C-terminally fused to an intein-chitin binding domain assembly as implemented in the pTWIN-1 vector (New England Biolabs, Ipswich, MA). Protein expression in Escherichia coli and purification of thioestertagged proteins was performed as described in ref. 17 . The resulting Rab7-MESNA thioester protein was desalted on a PD-10 column (GE Healthcare, Piscataway, NJ) equilibrated with ligation buffer (25 mM Na-phosphate, pH 7.5/25 mM NaCl/2 mM MgCl 2 /10 M GDP) and concentrated to 10-20 mg/ml. Bovine ␣-RabGDI was expressed in SF9 cells by using the baculoviral expression system as a fusion with an N-terminal 6His tag and the tobacco etch virus (TEV) protease cleavage site. Protein was purified to homogeneity by a combination of Ni-NTA chromatography, proteolytic removal of the His tag and gel filtration as described for Rab7 GTPase (31) . Recombinant REP-1 was expressed and purified as described in ref. 31 . The ␤-subunit of rat RabGGTase (␤GGT) was cloned into the pGATEV-mod vector where it is expressed as an N-terminal fusion with a 6His-GST assembly (32) . The fusion protein was expressed in E. coli and purified to homogeneity by a combination of Ni-NTA chromatography, proteolytic removal of 6His-GST tag, and gel filtration as described for RabGGTase (32) .
In Vitro Protein Ligation. Preparation of the digeranylgeranylated Rab7 [Rab7-A202C-E203K(dans)SC(GG)SC(GG)] by in vitro protein ligation was performed as described in ref. 17 . 
